Background. Clinical investigations of plaque removal efficacy of power toothbrushes in children are limited. Aim. To compare plaque removal of a power versus manual toothbrush in a paediatric population. Design. This was a randomised, replicate-use, single-brushing, examiner-blinded, two-treatment, four-period crossover clinical trial in children 8-11 years of age. Subjects were randomly assigned to a treatment sequence involving an oscillating-rotating power toothbrush and a manual toothbrush control. Subjects brushed under supervision with a NaF dentifrice. Plaque was assessed pre-(baseline) and post-brushing using the Turesky Modification of the Quigley-Hein Plaque Index by two examiners. Plaque scores were averaged for mixed and permanent dentition on a per-subject basis and analysed using a mixed-model ANCOVA for a crossover design. Results. Forty-one subjects (mean 9.0 years) were randomised and completed the trial. Both the power brush and manual brush provided statistically significant mean plaque reductions versus baseline in all analyses (P < 0.001). For both examiners, plaque removal was significantly (P < 0.001) larger for the power brush in permanent and mixed dentitions. The interexaminer correlations for the permanent dentition were strong (ICC = 0.68-0.88) for pre-brushing plaque across all periods.
Introduction
While the aetiology and means of prevention of some diseases remain unknown, there is general agreement that the greatest contributor to the health of the periodontium and dentition is regular and thorough dental plaque removal, typically by means of adequate toothbrushing 1 . L€ oe's classic experiments demonstrated how the pathogenic microbiota inherent in plaque biofilms in areas of undisturbed plaque elicited gingival inflammation and bleeding over a 3-day period but were reversible upon the resumption of full plaque debridement 2, 3 . Concurrently, unbrushed, ageing plaque with its growing microbial load induces acid-generating, cariogenic bacteria increasing the risk of dental caries 4 . With the dental plaque-oral health link firmly established, the importance of efficacious plaque control cannot be overstated.
Although patients are typically informed about the risks of substandard oral hygiene and the contributing factors in oral/dental disease by dental professionals, research has shown that an undesirably high proportion of adults find thorough toothbrushing with a standard manual toothbrush to achieve a plaque-free state challenging, as evidenced by high worldwide levels of gingivitis and/or periodontitis 5, 6 . This is consistent with investigations that reveal insufficient frequency of brushing, poor brushing technique, and/or inadequate brushing session duration when compared with standard-of-care professional recommendations 7 .
A positive trend to help improve oral hygiene is the expanding popularity of power (electric) toothbrushes, increasingly favoured by many clinicians and consumers for their deep-cleaning abilities (particularly at the gingival margin and in hard-to-access proximal areas) and in more advanced models personalised tracking and feedback features 8 . A growing body of clinical research studying the efficacy of power brushes in adults has well established a significant advantage in plaque removal effectiveness over manual toothbrushes 9, 10 . The class of power toothbrushes employing the oscillating-rotating mode of action has been uniquely singled out in systematic reviews as producing statistically significantly superior plaque control relative to standard manual toothbrushes 11 . In contrast to oral hygiene research in adults, less scientific inquiry has been focused on plaque removal self-care in children outside of the orthodontics literature, including the relative merits of differing toothbrush types in paediatric patients [12] [13] [14] . Given the broadly documented advantages of power toothbrush usage in adults, a fuller understanding of their potential benefits in children outside special populations is warranted, particularly when the consequences for suboptimal oral hygiene in this age group can be significant and carry lifelong implications. Children frequently lack motivation, compliance, and adequate manual dexterity with respect to toothbrushing, and when combined with a higher likelihood of sugary/erosive drink consumption, the challenges of cleaning in a mixed dentition and the risk of gingivitis and caries -with accompanying pain, lost work/school, and expense -can be high 15 .
In the light of the relatively few reported investigations on the possible advantages of power toothbrush use in children in the general population, the aim of this clinical trial in a population of 8-to 11-year-old children was to assess the ability of a children's power toothbrush to remove plaque in a single brushing session, in comparison with a children's manual toothbrush.
Materials and methods
This randomised and controlled, replicate-use, single-brushing, examiner-blind, two-treatment, four-period crossover clinical study assessed the comparative plaque removal efficacy of a power toothbrush and a manual brush in a paediatric population in Tel Aviv, Israel. To be considered for study inclusion, children needed to be between 8 and 12 years old, in good general health, show evidence of afternoon dental plaque formation, and possess at least 12 natural teeth with facial and lingual scorable surfaces. If potential volunteers had fixed orthodontic appliances, required urgent dental treatment, had any condition that could interfere with study participation (e.g., allergies to dye), had used antibiotics within 2 weeks prior to the first study visit (Visit 1), and/or had received a prophylaxis within a month prior to Visit 1, they were excluded from participation. All child volunteers were required to present for each study visit with a parent or legal guardian.
For continued eligibility throughout the trial, enrolled subjects were not allowed to participate in other clinical trials, receive a prophylaxis or other elective dentistry or use antibiotics or anti-inflammatory medications within 2 weeks prior to a study visit. Subjects in violation of pre-visit prohibitions around oral hygiene and food and drink were also subject to withdrawal from the data analyses or the clinical trial.
The subject consent form and the study protocol were reviewed and approved prior to study inception by the Hadassah Medical Organization Helsinki Ethics Committee (No. 0208-14-HMO), and both the children and their parent/guardian were required to provide written informed consent before enrolling. Before Visit 1, subjects were instructed that on the day of each of their visits, they must refrain from brushing their teeth and any other oral hygiene procedures after their morning brushing. They were also directed to cease eating, drinking, or chewing gum for 3 h prior to their afternoon appointment times.
For each potential subject, a medical and dental history assessment and review of all study inclusion and exclusion criteria were performed at Visit 1 to determine admissibility. Children meeting all eligibility requirements received a comprehensive visual examination of the oral cavity and perioral area, including hard and soft tissues. Subjects next swished for 1 min with red disclosing 16, 17 . Prior to the study, training and calibration of the examiners on the TMQHPI method were conducted using clinical pictures and a group of children (n = 10). Interexaminer reproducibility was high (K = 0.92).
Subjects were next taken to a restricted area with clinic staff other than the two clinical examiners to ensure the examiners were blinded to subject treatment assignments and test product identity, and each subject was assigned randomly to one of four unique test brush use sequences to be followed during the four treatment periods. This sequence denoted the order of use of each of the two test toothbrushes, with each child ultimately using both the power and the manual toothbrush twice during the course of the trial. Subjects were randomly assigned to one of four treatment sequences (ABBA, BAAB, AABB and BBAA, where A and B represent the study toothbrushes; approximately 10 subjects per sequence) according to a computer-generated randomization plan prepared by the sponsor in advance of study execution. Those initially assigned to the power toothbrush test group were given an Oral-B ProHealth For Me Vitality power toothbrush (D12 kids' handle and EB17 soft brush head; Procter & Gamble, Cincinnati, OH, United States; Fig. 1a ), while children with the first assigned use of the control group were supplied with an Oral-B Pro-Expert Cross Action 8+ (OK 011) soft manual toothbrush (Procter & Gamble, Cincinnati, OH, United States; Fig. 1b ). All subjects were given detailed verbal and written brushing instructions. Using the marketed dentifrice, provided in overtubed packaging to conceal product identity (Oral-B Stages; 500 ppm sodium fluoride; Procter & Gamble, Cincinnati, OH, United States), the children then proceeded to brush under the supervision of the clinic staff, unaided by a mirror. Those children using the power brush were directed to brush for 2 min following the manufacturer's usage instructions, while those assigned to the control manual brush group brushed in their customary manner. All subjects were then told to rinse with water after brushing.
Each subject again swished with the disclosing solution to stain any remaining plaque. Both clinical examiners then performed -in the same order as previously -a post-brushing TMQPHI examination to assess the relative plaque removal effectiveness of the power and manual toothbrushes. Subjects were directed to continue their regular oral hygiene products and routines at home between the four treatment period visits.
Following a washout of 48 h to 1 week between treatment period visits, subjects were recalled for each of the Period 2-4 visits (visits 2-4). At each appointment visit, continuing eligibility was assessed, and subjects then followed the same series of examinations of the oral cavity, disclosed plaque pre-and postbrushing TMQHPI evaluations and single-use supervised brushing procedures as at the Period 1 visit, using the next toothbrush (power or manual control) randomly assigned to them in their treatment sequence. Both examiners scored all pre-and postbrushing subject plaque assessments using the TMQHPI. With this method, the disclosed plaque of all primary and permanent teeth (except surfaces with restorations and malformations) was scored using a 0-5 scale on six sites per tooth (mesiofacial, facial, distofacial, mesiolingual, lingual and distolingual). Mean plaque scores were derived for each subject at each examination by totalling the individual plaque scores and dividing that sum by the number of gradable sites examined. Plaque formation was scored using the following criteria:
'0' = No plaque present. '1' = Separate flecks of plaque at the cervical margin. '2' = A thin continuous back of plaque (up to 1 mm) at the cervical margin. '3' = A band of plaque wider than 1 mm but covering less than one-third of the side of the crown of the tooth. '4' = Plaque covering at least one-third but less than two-thirds of the side of crown of the tooth. '5' = Plaque covering two-thirds or more of the side of the crown of the tooth.
Statistical analysis
Pre-brushing to post-brushing plaque reduction for the permanent dentition was the primary outcome measure; plaque reduction for the mixed dentition was the secondary outcome measure. A sample size calculation was not done because there were no previous data on this study population; however, a total sample size of 40 is a typical sample size for a 2-treatment, 4-period crossover plaque removal study 9, 18 . Using the variability and treatment differences observed in this study, a post hoc sample size calculation was carried out. For examiner 1, a sample size of 10 subjects in a 2-treatment 4-period crossover would provide at least 90% power to detect a treatment difference of 0.289 (permanent dentition). Similarly for plaque in the mixed dentition, 13 total subjects would be required to provide at least 90% power to detect a treatment difference of 0.233. SAS 9.4s software was used to analyse the data. Baseline demographic characteristics and plaque values were summarised (means, frequencies, percentages), and statistical analyses for plaque removal efficacy were based on TMQHPI changes from baseline scores. Plaque scores were averaged by subject for the permanent and mixed dentitions. The difference (baseline minus post-brushing) in average plaque scores was calculated for each subject in each study period, and treatment group differences were analysed using a mixed-model analysis of covariance (ANCOVA) for a crossover design with terms in the model for subject (random), treatment, period, carryover effects, and with the average pre-brushing (baseline) TMQHPI plaque score as the covariate. To assess for potential carryover effects on the primary endpoint of plaque difference, a statistical model was employed on the average baseline plaque scores to determine whether carryover should be considered in the final model. For all endpoint and examiner analyses, the carryover effect was not significant and was deleted from the final crossover models. The adjusted mean TMQHPI scores for each treatment were analysed for statistical significance from zero using a t-test on the adjusted treatment mean score differences from the analysis of covariance using the final model. All statistical analyses were carried out separately for each of the two examiners. All statistical treatment comparisons conducted were twosided at the 0.05 level of significance. To assess agreement between examiners, the intraclass correlation (ICC) was computed on the baseline (pre-brushing) TMQHPI scores as well as on the post-brushing plaque reduction scores to measure agreement between examiners for each period. The ICCs were calculated, where '0' represented no agreement and '1' represented perfect agreement.
Results

Subject demographics
Forty-one paediatric subjects were enrolled and randomised to one of the four treatment sequences during October and November, 2014. All subjects (100%) completed the trial with fully evaluable data. The mean subject Plaque removal of power toothbrush 561 age was 9 years, with a range of 8-11 years. Fifty-one per cent (51%) of the children were male. All (100%) of the subjects were Caucasian. Baseline subject demographics are summarised in Table 1 .
Plaque evaluations
TMQHPI evaluations for plaque reduction following replicate-use, single-brushing for the permanent and mixed dentitions are shown in Tables 2 and 3 , respectively. For the mixed dentition, the baseline (pre-brushing) mean TMQHPI scores were numerically lower than the permanent dentition scores: for the power brush, mean scores were 3.814 and 3.802 for examiners 1 and 2, respectively, for the mixed dentition, and 4.150 and 4.172, respectively, for the permanent dentition; for the manual brush, mean scores were 3.823 and 3.816, respectively, for the mixed dentition, and 4.162 and 4.189, respectively, for the permanent dentition. For the permanent dentition, the baseline (pre-brushing) mean TMQHPI plaque scores did not differ significantly between the two toothbrushes as measured by Examiner 1 (P = 0.631). Similarly, there were no significant baseline differences between brushes when measured by Examiner 2 (P = 0.569). Also, for the mixed dentition, the pre-brushing means were not significantly different between the brush groups as measured by Examiner 1 (P = 0.756) or Examiner 2 (P = 0.620). Analysis of the TMQHPI results for the permanent dentition (Table 2) showed that for Examiner 1, both the Vitality and manual control toothbrushes provided statistically significant reductions in dental plaque versus baseline pre-brushing (P < 0.001). However, the adjusted mean plaque reduction for the Vitality brush relative to the manual control brush was 0.480 vs 0.191, respectively, showing a significantly greater benefit with use of the Vitality brush (P < 0.001). Results for Examiner 2 similarly showed that while both brushes gave statistically significant plaque reductions compared to baseline pre-brushing (P < 0.001), the Vitality brush provided a significantly greater plaque reduction relative to the manual control (0.551 vs 0.213, respectively, P < 0.001). Analyses of the results for the mixed dentition (Table 3) yielded results analogous to those of the permanent dentition. Both examiners found both brushes gave a statistically significant mean plaque reduction after single-use brushing (P < 0.001), and brushing with the Vitality brush resulted in significantly greater plaque removal relative to brushing with the manual control brush as measured by Examiner 1 (P < 0.001) and Examiner 2 (P < 0.001). *Brushes did not differ with respect to their baseline (pre-brushing) plaque level: Examiner #1 P = 0.631, Examiner #2 P = 0.569. †Both brushes for both Examiner 1 and 2 showed a significant post-brushing versus pre-brushing plaque reduction when compared to zero: P < 0.001. ‡Two-sided P-value for between-treatment difference based on the adjusted mean plaque reduction. 
Interexaminer agreement
The ICC values for the permanent dentition are summarised in Table 4 and showed that the results obtained were similar for the two examiners: the ICC values across the four periods for the baseline pre-brushing scores were 0.68-0.88 and for the post-brushing plaque reductions were 0.48-0.77. The similarity between the scores for both examiners is also shown in Figure 2 , which gives a scatter plot of the baseline pre-brushing plaque scores for both examiners for each period of the study.
Safety
Both toothbrushes were well tolerated, with no adverse events reported or observed over the duration of the study.
Discussion
In the clinical trial reported herein, healthy children who showed evidence of plaque formation, but without a requirement for prior power toothbrush familiarity, brushed under supervision with either the power brush or the manual toothbrush control in a four-period, randomised and controlled crossover design. Brushing with the power brush resulted in a significantly (P < 0.001) larger plaque reduction benefit versus manual brushing (adjusted means: 0.480 vs 0.191, respectively, for Examiner 1; 0.551 vs 0.213, respectively, for Examiner 2) for the permanent dentition, as well as a significantly (P < 0.001) larger plaque reduction in the mixed dentition (adjusted means: 0.460 vs 0.227, respectively, for Examiner 1; 0.550 vs 0.252, respectively, for Examiner 2). *Brushes did not differ with respect to their baseline (pre-brushing) plaque level: Examiner #1 P = 0.756, Examiner #2 P = 0.620. †Both brushes for both Examiner 1 and 2 showed a significant post-brushing versus pre-brushing plaque reduction when compared to zero: P < 0.001. ‡Two-sided P-value for between-treatment difference based on the adjusted mean plaque reduction. Table 4 . Intraclass correlation (ICC) for baseline prebrushing TMQHPI scores and post-brushing plaque reduction scores in each period: permanent dentition. Plaque removal of power toothbrush 563
Children are particularly challenged when it comes to maintaining good dental and gingival health for a variety of reasons. They frequently make poor dietary choices; for example, overconsuming of sweets and sugary and/or erosive drinks often marketed to this age demographic 19 . Toothbrushing skill is notoriously inconsistent in children due to developing dexterity 20 , as well as difficulty effectively navigating a toothbrush around both loose primary and erupting permanent teeth characteristic of a mixed dentition. Children may lack the foresight to envision the long-term consequences of chronic insufficient oral hygiene. The end result of all of these factors is a greater propensity for dental plaque build-up, especially in harder-to-access areas where the caries and gingival inflammatory processes can take root. Children with fixed orthodontic appliances, special dexterity limitations or lack of parental involvement face even greater obstacles.
The impact of substandard oral hygiene in childhood is not trivial. Dental caries -the most common chronic disease in US children 6-11 21 -has been shown when untreated to have far-reaching adverse impacts in children, potentially affecting sleep, school performance and even overall growth and development 22, 23 . Gingivitis, while not commonly progressing to periodontitis in childhood, nonetheless can become established without intervention, potentially leading to attachment and bone loss in adulthood 24 . The World Health Organization has concluded that oral diseases are a significant public health threat, with traditional treatment in industrialised countries being the fourth most costly disease to treat 25 .
With the foundation for a healthy dentition and periodontium begun in childhood, parents are thus paramount in helping to establish and monitor good toothbrushing habits from the earliest years. One meaningful way parents can assist is by supplying children with the most effective and likely to be used tools for removing plaque regularly, including a clinically proven toothbrush. Because power toothbrushes have demonstrated superior plaque-reducing abilities in adults 11 , it follows that they might prove similarly efficacious and particularly beneficial for children. A few investigations with varying study methodologies have compared the plaque reduction benefits of power brushes to manual toothbrushes in general paediatric populations. In the late 1990s, the first paediatric population clinical trial in over 20 years assessing the efficacy of an electric brush was conducted, with findings that single-use brushing with the Braun Oral-B â Plaque Remover for Kids resulted in up to 26.1% greater plaque reduction than a manual control brush 26 . Later, also using a Braun Oral-B children's power brush in children 6-11 years of age, Garc ıa-Godoy and colleagues observed significantly superior plaque reductions over a 30-day home use period for the power brush users relative to manual brush users, and a similar benefit in single-use supervised brushing at baseline (Day 0) 27 . Power brushes employing other modes of action have also been investigated in children. Jongenelis and colleagues found that a Philips HP500 brush provided superior plaque removal at the end of a 4-week study compared with a manual brush in 5-to 10-yearold children; this plaque reduction benefit (46% versus baseline) was nearly twice as large as for the manual brush 28 . In a splitmouth design in a population of 4-to 7-yearolds with professional brushing, the Philips Sonicare for Kids brush provided significantly greater plaque removal benefit compared to the manual brush control 29 . Use of a batterypowered brush in a population of Kuwaiti preteen boys provided a 9.5% greater plaque reduction compared to a manual brush after 2 weeks of home use 12 , while a separate paediatric trial studying the plaque-fighting abilities of a battery-powered brush (Spinbrush) yielded a 12.8% superior benefit versus the manual brush in a crossover, single-use study design 30 . The clinical outcomes reported herein are consistent with previous paediatric population research; the power toothbrush provided a greater plaque reduction benefit than the manual control toothbrush. Notable in this study, however, was the magnitude of the relative benefit, potentially reflecting study design elements and the design advances 564 E. Davidovich et al. incorporated in the power brush for robust cleaning.
Another notable finding in the current reported study was the comparable magnitude of plaque removal benefit favouring the power brush over the manual control brush for both the permanent and mixed dentition analyses. A combination of primary and permanent teeth in various stages of eruption and shedding creates a more challenging brushing environment for children as they attempt to reach and debride all tooth surfaces, yet in this trial, the Vitality power brush enabled similar cleaning effectiveness in the mixed dentition as in the permanent dentition. Also striking was the good correlation between the two examiners in all analyses, with a strong linear relationship of pre-brushing permanent dentition plaque scores found between the two examiners. Collectively, the results support the reproducible efficacy of the power toothbrush for plaque removal in children.
While this study only assessed single brushing, outcomes, the plaque removal benefit found with the power toothbrush, determined by both examiners, is consistent with longer term studies reported in the literature for oscillating-rotating toothbrushes 11, 27 . In addition, a crossover, replicate-use design was employed so each brush was used by each subject twice, increasing the sensitivity and power of the study. A long-term clinical trial, following the guidance of Robinson et al. 31 could be considered for future research to confirm these findings. Brushing instructions in this study simulated 'real-world' use, as subjects were asked to follow manufacturer's instructions for their test brush. While instructions for the power group specified 2 min per brushing and the manual brush instructed subjects to brush in their customary manner, potential differences in brushing time alone cannot account for differences in plaque removal. Studies have evaluated plaque removal with an oscillating-rotating brush and a standard manual toothbrush when brushing time was set at 2 min for each brush. These studies, including generally healthy subjects and orthodontic patients, found statistically significantly (P < 0.05) greater plaque removal with the power brush than the manual brush with a constant 2 min brushing time 32, 33 . Another trial, lasting 4 weeks, with periodontal patients who reported similar brushing times showed significantly greater plaque removal with an oscillating-rotating handle power brush than a manual toothbrush 34 .
In conclusion, the oscillating-rotating power toothbrush was found to provide superior plaque reduction relative to a manual toothbrush with single-use brushing in children.
Why this paper is important for paediatric dentistry • The challenges of achieving optimal oral hygiene in children include the need for effective brushing of both a permanent and a mixed dentition. This study gave a powerful demonstration of the superiority of the oscillating-rotating power toothbrush relative to a manual toothbrush for both dentition types.
